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Energy couplingfunctional importance in bovine and bacterial cytochrome c oxidases (CcO) are
reviewed and assessed. A critical analysis is presented of available mid-infrared vibrational data that pertain
to these functional carboxyl groups. These data and their interpretations are discussed in relation to current
models of the mechanism of proton and electron coupling in the protonmotive CcO superfamily.
© 2008 Elsevier B.V. All rights reserved.1. IntroductionAtomic structures of several protonmotive cytochrome c oxidases
(CcO) are known [1–7] and many details of their common reaction cycle
have been elucidated [8–12]. However, the chemical and physical factors
that govern the coupling of intraprotein proton movements to electron
transferandoxygenreduction, and the speciﬁc functional groups involved,
have been difﬁcult to deﬁne. A plethora of possible models have been
proposed, many of which have not withstood the test of time. Currently,
three signiﬁcantly different types of model remain viable, though some
aspects of these models overlap. One involves a pathway for proton
translocation that is linked closely tohemeaand its redoxchanges [13–15]
andwith a proton exit pathway after heme a that involves a peptide bond
and a redox-sensitive aspartic acid (Asp51 in bovine subunit I sequence)
[16] that is close to a binding site for sodium or calcium [2,17]. Another
more general model arose from empirical measurements that showed a
strict necessity for charge neutralisation by protonation changes of
binuclear centre intermediates [18–20]. In this mechanism, a proton to be
translocated is electrostatically driven into a ‘trap site’ in concert with
electron transfer from heme a to the binuclear centre [18]. Subsequent
protonation of the binuclear centre for oxygen chemistry results in charge
imbalance and expulsion of the ‘trap’ proton into the positive aqueousR, the fully oxidised, Peroxyl,
ted total reﬂectance; νs, νas,
lecular dynamic; Carboxyl, the
nd deprotonated (carboxylate)
ll rights reserved.phase [18,21,22]. Recently, a somewhat different model was proposed in
which chemical transformation at the oxygen site was proposed to result
in a subsequent conformationally-driven proton translocation. Themodel
was based on the observation that translocated proton release was
simultaneouswith binuclear centre protonation,with both occurring after
electron transfer to the binuclear centre had occurred [23]. However, this
behaviour is precisely what is also expected in the above electrosta-
tic coupling model [18]. Indeed, an alternative interpretation of their data
in terms of the electrostatic model, together with the additional observa-
tion of an internal electrogenic proton transfer associated with electron
transfer to the binuclear centre, has since been proposed [22].
These models could be distinguished with deﬁnitive measure-
ments of protonation changes of speciﬁc functional groups in relation
to the electron transfer and oxygen chemistry steps, information that
is not easily accessible with most types of spectroscopy. However,
protonation changes cause large changes in mid-infrared vibrational
spectra, and this is increasingly providing a viable heuristic technique.
The present report provides an overview of what IR spectroscopy has
provided to date as regards the contributions of speciﬁc carboxylic
groups in CcO to such protonation reactions.
2. IR studies of carboxylic acids
Carboxylic acids are known to play key roles in internal proton
transfers within various proteins. The effective transfer of the proton
between the two oxygen atoms, either by direct proton transfer or by
rotation around the C–COOH bond provides a facile means of proton
transfer over a distance of around 2 Å. Further sidechain C–C bond
rotations could increase this proton transfer distance tomore than4Å for
both glutamic and aspartic acids. Integration with further protonatable
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bonded network could form proton transfer pathways across the entire
protein structure [3,11,24]. Modulation of pK values and orientations of
component groups, governed by redox and chemical changes during the
catalytic cycle, can provide the required directionality and the means of
gating the proton transfer pathway to avoid short circuits.
Infrared spectroscopy is being increasingly employed as a tool to
study the roles of speciﬁc amino acids, cofactor functional groups and
speciﬁc water molecules in enzymatic reaction cycles. Protonation
changes of aspartic and glutamic acids are easily detected in the mid-
IR range since their polar headgroups have large oscillator strengths
that alter dramatically with protonation change [25–27]. IR studies of
multiple proton transfer roles of carboxylic acids on microsecond
timescales in the photochemical cycle of bacteriorhodopsin [28] have
been particularly successful [29–31]. In aqueous solution, the carbo-
xylate (COO−) forms have νas and νs stretches at 1580/1398 cm−1
(aspartate) and 1556/1399cm−1 (glutamate) with extinction coefﬁ-
cients of around 825/450 M−1·cm−1 [26]. In the protonated carboxylic
acids (COOH) these are replaced by a single ν(CfO) band in aqueous
media in the 1710–1730 cm−1 range, with an extinction coefﬁcient
above 200 M−1·cm−1 (reviewed further in [26,27]). The ν(CfO) of
COOH is particularly accessible because it is in a regionwhere no other
protein bands occur and, provided that vibrational modes of some
non-protein components can be ruled out, can be deﬁnitively assigned
to a protonated carboxylic group.
Importantly, these vibrations can be altered substantially not only
by protonation change, but also by small changes in the environment
such as distances to other atoms, steric hindrances, hydrogen bonding
strengths and local dielectric strength and polarity changes. Such
changes can cause frequency shifts, extinction coefﬁcient changes or
peak width alterations. For example, hydrogen bonding to the COOH
form lowers the νs CfO band [26] and hence its frequency can provide
an estimate of the strength and change of hydrogen bonding. The
highest frequency reported to date for a very weakly hydrogen-
bonded carboxylic group within a protein is at 1774 cm−1 in Acidianus
ambivalens CcO [32]. Ligation of the carboxylate forms will shift the
two normal modes and the split between the COO− νas and νs stretch
frequencies has been used to determine whether a carboxylate has
monodentate or bidentate ligation [33–37].
The heme propionic acid carboxyls are equally IR active and subject
to the same inﬂuences. The protonated propionic acid νs CfO band is
typically downshifted in comparison to the carboxylic amino acids toFig. 1. Bovine CcO and carboxyl groups. Coordinates were taken from PDB ﬁle 1V54 (oxidise
wireframes (subunit I, blue, subunit II, red, subunit III, green) with van der Waals radii atom
possible functional importance that are discussed in the text are labelled (subscript refers t1700–1665 cm−1 due to hememacrocycle inﬂuences and the COO− νas
and νs vibrations occur at 1620–1540 cm−1, and 1420–1300 cm−1,
respectively [38].
3. Carboxylic acids in CcO of possible functional importance
Subunits I, II and III of cytochrome c oxidase, which comprise the
common catalytic core throughout the superfamily, are very rich in
carboxylic acid residues (Fig. 1A). The majority lie at or close to the
hydrophilic interfaces at considerable distances frommetal centres or
putative proton channels. In the absence of long range structural
changes, these might reasonably be assumed to remain deprotonated
and unaffected by redox changes and most likely have minor
structural/stabilisation roles. By deconvolution of peaks close to
1740 cm−1 in absolute absorption spectra, Okuno et al. [39] have
estimated that around 11 are protonated in bovine CcO at pH 7.4.
However, the ester bonds of the lipids that remain bound to puriﬁed
CcO [1,40] also absorb strongly in this region and must contribute to
these absolute spectra, a point supported by the weak effects of H/D
exchange that they observed. Hence, the number of protonated
carboxyl groups at pH 7.4 should be rather less than the 11 that they
estimated, and is perhaps only 3–4 (see below).
Several of the carboxylic groups have been implicated in more
speciﬁc functional roles (bovine sequence numbering is used
throughout and, unless deﬁned otherwise refers to subunit I).
3.1. Heavy metal binding sites
A number of carboxyls, in conjunction with histidine and water
ligands, can form heavy metal binding sites: all seven crystal-
lographically detected Zn2+/Cd2+ binding sites described in [41] (this
excludes the integral Zn2+ binding site formed by cysteines in subunit
Vb) involve at least one carboxylic residue. Of these, however, one is
located on subunit III and ﬁve are on supernumerary subunits; all six
are remote from redox-active metals and potential proton pathways
and are unlikely to have major functional roles. The remaining site
involves residues of subunit I and can bind either Zn2+ or Cd2+ in a
rather complex redox-dependent manner. It is thought to be the site
that results in a partial inhibition of electron transfer and the complete
loss of proton pumping on metal binding [42]. It involves the
functionally important Asp91 (Fig. 1B), a residue close to the entrance
of a critical proton channel that is named after it, the D channel [3,43].d form at 1.8 Å [15]) and are drawn with Protein Explorer. The ﬁgure displays backbone
s of glutamic (blue) and aspartic (red) groups. Hemes are shown in green. Carboxyls of
o subunit if not subunit I). A, subunits I, II and III; B, subunit I only.
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nearby histidine, His503, that was proposed to alter the stability of a
bound hydronium ion and result in transfer of its proton onto Asp91
when the enzyme becomes oxidised. Such redox-dependent proto-
nation of Asp91 should result in a detectable signature in IR redox
difference spectra.
3.2. The Ca2+/Na+ binding site
It has been long known that CcO has an anion binding site from
observations of a Ca2+-induced red shift of reduced heme a [44].
The site binds one Ca2+ cation that can be replaced competitively by
two Na+ cations [45]. Subsequently, a single bound Na+ was found in
bovine CcO byX-ray crystallography [2], located in a region of subunit I
that is close to the subunit I/II interface. To date, the second sodium
ion has not yet been identiﬁed in structural models, but should be
very close to the ﬁrst sodium because of their cooperative binding
behaviour. Coordination of the observed sodium is provided by
unidentate ligation from the Glu40 carboxylate, the backbone car-
bonyls of Glu40, probably Gln43, Gly45 and Ser441 and a water
molecule that is H-bonded to Asp442 [2,17,45] (Fig. 2A). Bacterial CcOs
bind Ca2+ much more tightly and retain it even after puriﬁcation [46].
The bacterial Ca2+ binding site is in a domain equivalent to the
crystallographically deﬁned Na+ site of bovine CcO. Coordination is
provided by unidentate ligation from (Rbs. sphaeroides numbering)
Glu54 (equivalent to bovine Glu40), backbone carbonyls of Glu54,
Ala57, Gly59 and Gln61, and a water molecule that is H-bonded to
Asp485 [3,47].
3.3. Asp51 of subunit I
The atomic structures of oxidised and reduced bovine CcO have
revealed remarkably few structural differences overall. The most
prominent difference noted initially [2] was the movement of Asp51
from a buried to a more hydrophilic location in the oxidised to reduced
transition, suggesting a pK increase and deprotonation on reduction.
This observation, together with structural changes of the heme a
farnesyl hydroxyl, led to the proposal for coupling that is linked
primarily to the redoxcyclingof hemea, with a proton transfer pathway
involving the farnesyl hydroxyl, Asp51 and a speciﬁc peptide bond
[15,16]. Interestingly, the anion binding site described above is close to
Asp51 (Fig. 2A, separation on Asp51 and Na+ is 8 Å and distance to the
second Na+ site is probably much less) and a role has been proposed
recently for the bound anion in modulating the otherwise large
activation barrier for proton transfer across the peptide bond [48].Fig. 2. Selected carboxyls in subunit I. Coordinates were taken from PDB ﬁle 1V54 (oxidised fo
site of subunit I; B, extended region around the hemes andMg++ site of subunit I. See text for d
in the text can be identiﬁed. Distances are those between E242 carboxyl/heme a3 D-ring prAlthough elegantmutagenesis work has provided support for a key
role of Asp51 in mammalian CcO [15], this poorly conserved residue is
absent from most members of the superfamily. Hence, in non-
mammalian CcOs either different residues would have to perform its
function or a quite different mechanism must be operative, a
possibility that most consider improbable [49].
3.4. Glu242
The importance of the highly conserved Glu242 was recognised
even before atomic structures were available [50]. Mutation to a non-
protonatable group abolishes electron transfer to the binuclear centre
and fully inhibits catalytic turnover [50–53]. It is the only deeply
buried carboxylic amino acid in subunit I, positioned close to the
membrane centre and roughly 10 Å from the closest macrocycle edges
of both hemes (Fig. 2B). Furthermore, it is part of a pentameric,
covalently-linked ring of amino acids, H240PE242VY244, that is formed
by an unusual covalent linkage between the Nτ nitrogen of His240 and
the ortho ring carbon of Tyr244 [1]. Its apparent pK in the PR→F
reaction has been estimated to be 9.4 [54] and various data indicate
that it is also high in other redox states. In electrostatic coupling
models Glu242 is thought to act as a crucial redox-linked proton
donor to a proton ‘trap’ site for ultimate extrusion to the aqueous P
phase. In all current couplingmodels, it is thought that it also provides
substrate protons for the oxygen-reducing binuclear centre, at least in
latter reaction steps [12,55,56]. In fulﬁlling both functions, some kind
of gating of the Glu242 function is required to prevent short-circuiting
and loss of protonmotive action. The region around Glu242 is not well-
deﬁned crystallographically. There is space around it for several water
molecules that could provide the otherwise missing protonic
connectivity between Glu242 and proton acceptors above the hemes
(Fig. 2B). A possible mechanism for gated proton transfer involving
redox-linked pK change of the Glu242, in concert with restructuring of
the Glu/water ensemble, has been modelled by MD simulations
[57,58]. With such a mechanism, both environmental and protonation
changes of this residue might be expected between different CcO
states.
3.5. Other possible functional carboxylic acids
A number of other carboxylic amino acids might have functional
roles (Figs.1 and 2). In subunit I, Asp369 ligates the structural Mg++ ion
and Asp364 is within hydrogen bonding distance (2.5 Å) of the
unusually-ligated heme a3 A-ring propionic group. Their positions
could allow either to act as a trap site and/or exit route for protonsrm at 1.8 Å [15]) and are drawnwith Protein Explorer. A, region around the anion binding
etails. The A and D rings of hememacrocycles are labelled so that propionates discussed
opionate and D364 carboxyl/heme a3 A-ring propionate.
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centre of the membrane within subunit III (Fig. 1B). Given the
energetic cost of placing carboxyl groups that are normally charged
into regions of low dielectric strength, some kind of functional role
might be expected, though to date none have been found or proposed.
Glu62II of subunit II was predicted in simulations to have a redox-
linked pK [59]. Functional studies of the equivalent residue in
cytochrome bo suggested that it formed the entrance for protons
into the ‘K channel’ [60], though behaviour of mutants of the
equivalent residue in P. denitriﬁcans have failed to support such a
role [61]. The lysine-containing hydrophilic K channel is thought to
provide protons to the binuclear centre in the initial reduction steps
[62,63] and/or may provide a means of lowering the energetic cost of
formation of transient non-charge compensated intermediates by
providing a ‘dielectric well’ [64]. The ﬁnding that the conformation of
deprotonated Glu62II is indeed inﬂuenced by the redox state of the
binuclear centre [61] lends support to this ‘dielectric well’ notion.
3.6. Heme propionic acid substituents
The propionic acid substituents of heme groups are carboxyl
groups whose physical properties including pK can be inﬂuenced by
the redox and chemical state of their hemes [65]. In CcOs, their
positions immediately above the heme macrocycles towards the
aqueous P phase indicate a possible role in the proton exit pathway
from Glu242, a possibility supported by a substantial body of
experimental data [57,66–68]. Such a pathway does however require
some kind of structural reorganisation in order to bridge the
otherwise prohibitive gap between Glu242 and the nearest (heme
a3 D-ring) propionate, perhaps involving reorientation of Glu242 and
its presumed associated water neighbours [57]. Three of the four
heme propionates interact with arginine residues; the fourth, on ring
A of heme a3, is 2.5 Å away from Asp364 (Fig. 2B). Despite this
structural oddity, only the ring A propionate of heme a has been
suggested to provide a redox-linked protonation site [69]. However,
none of the propionate pKs or their redox-linked properties have yet
been established deﬁnitively.
4. Emerging IR data on functional carboxyls in CcO
Signal/noise requirements and separation from the myriad of
background IR bands require IR changes of speciﬁc amino acids to be
collected as difference spectra between two deﬁned states [70–72]. To
date, CcO transitions involving ligand photolysis, redox change or
ligand binding/unbinding have all revealed carboxylic group changes,
although assignments to speciﬁc groups and interpretations of the
chemical nature of the changes have not always been deﬁnitive. In a
number of cases, differences in the IR signatures of the same tran-
sitions in highly homologous CcOs from different sources have further
complicated such analyses.
4.1. Ligand photolysis spectra
Photolysis of CO from fully reduced CcOhas been studied in detail by
IR spectroscopy. In bovine CcO, photolysis in aqueous media results in a
symmetrical peak/trough at 1749/1742cm−1 [39,73]. Earlier studies of
this photolysis reaction in D2O media at 80 K in cytochrome bo [74]
had revealed an equivalent 1731/1724 cm−1 peak/trough signal.
Replacement of the Glu242 equivalent with an aspartic acid down-
shifted the feature and replacement with cysteine caused loss alto-
gether, provided compelling evidence for its Glu242 origin. Photolysis
at 80K results in the CO moving onto CuB, rather than escaping into
free solution [75], and the cytochrome bo data were interpreted
initially as indicating a perturbation of Glu242 caused by CuB [74],
though it is now clear that the effect is actually caused primarily by
loss of CO from heme a3.However, subsequent studies have raised uncertainties for the
assignment to Glu242 of the equivalent signal in bovine CcO. Firstly,
the effects of H/D exchange do not produce a uniform downshift of the
change and suggest instead that the band might arise from several
species, either different amino acids or the same amino acid in dif-
ferent environments [39,73]. Furthermore, no clear equivalent band-
shifts could be observed in photolysis spectra of the FR–CO forms of
P. denitriﬁcans [76] or Rbs. sphaeroides [77] CcOs. Given the close
similarities of structures, this raises questions as to its origin in bovine
FR–CO photolysis spectra. An alternative origin of the bovine bandshift
in Asp51 or Asp91 is also unlikely if the interpretations of the atomic
models are correct that both should be deprotonated in the FR and,
presumably, the FR–CO states.
Further information has been provided by time-resolved studies of
the CO photolysis reaction, originally achieved in single frequency
measurements [78] and later in FT mode with step-scan technology
[77,79,80]. Heitbrink et al. [77] provided indications that the
conformation of Glu242 might be altered when the CO resides on
CuB. Bailey et al. [79] observed at least two carboxyl changes in bovine
CcO linked to CO photolysis. They assigned one to Glu242 and sug-
gested that the second, which was absent at cryogenic temperatures,
might arise from the protonated form of Glu62II. However, redox IR
data on this residue in P. denitriﬁcans suggested that it always remains
deprotonated [61]. Clearly, more studies are needed to deﬁne the
carboxyl groups that are linked to ligand photolysis.
4.2. Redox difference spectra
Reducedminus oxidised IR difference spectra of CcO have provided
further information on carboxylic group functions. In P. denitriﬁcans
CcO this has a peak/trough at 1734/1746 cm−1, consistent with a single
protonated carboxyl that is inﬂuenced primarily by the redox state of
heme a [81,82]. Mutagenesis showed that it arises solely from an
environmental change of the protonated form of the Glu242
equivalent [83]. Studies with labelled propionic acids have also
provided indications that the ring A propionate of heme a might
provide a redox-linked protonation site [69]. Redox IR data of bovine
CcO in the carboxylic region aremore complex, consisting in H2Omedia
of a pair of troughs at 1748 and 1737 cm−1 with no clear positives
[39,84,85]. These changes are linked primarily to the redox state of
heme a [39,85,86]. The effects of H/D exchange are not straightforward,
resultingmore in amerging of the two troughs at 1742cm−1, rather than
a uniform downshift of the entire signal shape [39]. The most
reasonable interpretation to date [39,84,85] is that it consists of an
environmental change of protonated Glu242, equivalent to that in
bacterial CcO, resulting in a 1749 cm−1 trough, together with a lower
frequency peak that is hidden by the trough of a second component.
This second component may reﬂect deprotonation of Asp51, Asp91 or
another group. Okuno et al. [39] explained the unusual upshift of this
component in D2O media in terms of its interaction with an exchange-
able strong hydrogen donor to the CfO group concerned.
4.3. Combined ligand photolysis and redox change: photolysis of the
mixed valence state
A reversal of the natural heme/heme electron transfer can be
initiated by photolysis of CO from half-reduced (‘mixed valence’) CcO,
resulting in heme a reduction and heme a3 oxidation [87]. The IR
signature of this reaction has been investigated in both bacterial
[76,88] and bovine [39,67,89] CcOs. There is general accord that the
electron transfer reaction itself causes a trough in the 1730–1750 cm−1
region that is most likely due predominantly to Glu242 deprotonation.
Again in bovine CcO, the signal may well be composed of more than
one species with detailed position and shape governed by another
residue with a pK of 8.5 [67]. Many aspects require further
investigations and there remains a serious question of whether this
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protonation changes [67]. Nevertheless, the data overall are consistent
with an electrostatic coupling model in which heme a reduction, in
the presence of an oxidised binuclear centre, causes an internal proton
transfer from Glu242 to a site that aids electron transfer into the
otherwise low potential binuclear centre.
4.4. Catalytic intermediates
Development of perfusion and dialysis devices for use in conjunc-
tionwith ATR-FTIR spectroscopy opened the possibility of IR analyses of
catalytic intermediates of CcO [72]. Initial PMminusO difference spectra
[90,91] revealed perturbation of a carboxylic acid that relaxed back in
the F intermediate. This was interpreted as either an environmental
shift of a protonated carboxylic acid [90] or a deprotonation [91], based
on signal shape. The signal was lost in an E–D mutant, which would
identify the group as the Glu242 equivalent [91]. However, in our hands
the PM intermediate failed to form in the samemutant of P. denitriﬁcans
CcO (unpublished) and it is not clear to what extent it forms in the
E–D mutant reported in [91]. Further studies in our hands of PM in
P. denitriﬁcans CcO [92,93] have repeatedly conﬁrmed a symmetrical
carboxylic peak/trough, supporting the initial interpretation of an
environmental change of a protonated carboxylic group. However, the
view that there is a deprotonation in PM has received further support
from the observations of a possible tyrosine deprotonation in a CcO
homologue that might use a tyrosine in place of the glutamic acid [94].
Our own studies [93] also indicated that the carboxylic signal is part of a
more coordinated structural alteration of the H240PEVY244 pentamer,
with the structural interaction between Glu242 and binuclear centre
changes mediated via the catalytic site histidine–tyrosine and its
pentameric ring. Very recently, an FTIR study was made of a mutant
form of P. denitriﬁcans CcO (D124N) in which the F→O reaction
was sufﬁciently slow to allow its IR signature to be measured [95]. It
was found that a carboxyl that is protonated in O and FR became
deprotonated in F and this was again tentatively assigned to the Glu242
equivalent.
4.5. Anion binding spectra
We have recently studied the bovine CcO anion binding site with
mid-IR spectroscopy (Iwaki and Rich, manuscript in preparation).
Despite their common binding site, Ca++ and Na+ induced distinctly
different IR binding spectra with different effects of H/D exchange,
indicating that the structural changes that they induce are different.
The Ca2+-induced binding spectrum had major bands arising from
amide I/II, heme and a carboxylate. In contrast, the Na+-induced
binding spectrum was dominated by downshifts of an H/D-sensitive
arginine guanidinium, together with perturbations of the νs of a
carboxylate residue. Taken in conjunction with available structural
data and building on similar conclusions from optical titrations [17], a
model emerges in which one Ca2+ or Na+ binds within the crystal-
lographically deﬁned binding pocket and a second Na+ ion binds to
Asp442, breaking a salt bridge with Arg134 of subunit II.
4.6. IR data on heme propionic acids
Although heme propionic groups are IR active and have been
frequently suggested to play roles in the CcO catalytic cycle, their IR
signatures are more difﬁcult to identify in protein IR spectra because
their COOH bands are likely to overlap the amide I backbone region. In
order to circumvent this problem, Behr et al. [38,69] studied a form of
P. denitriﬁcans CcO with 13COOH-labelled heme propionic acids. By
comparisons of redox spectra of unlabelled and labelled materials,
they concluded that at least one of the four groups is protonated in the
oxidised protein and that at least two undergo protonation or con-
formational changes on reduction. The ring A propionate of heme awas identiﬁed as a likely redox-linked protonation site [69]. However,
the protonation states of the heme propionic acids remain contro-
versial. Song et al. [96] have simulated pKs and concluded that all
remain deprotonated in all redox states, with only the heme a A-ring
group attaining a high enough pK (6.1) in reduced CcO to allow partial
protonation. Other calculations have suggested different values [97].
Structural data (Fig. 2B) show a close interaction of both ring D pro-
pionates with a pair of arginine residues, Arg438 and Arg439 [68],
suggesting strongly that both are deprotonated. However, IR data on
reversed electron transfer between the hemes [67] have revealed a
perturbation of an arginine residue, leading to a model for proton
transfer between the hemes that is aided by protonic reorientation
within the propionate/arginine cluster.
4.7. Conclusions and prospects
The application of mid-infrared vibrational spectroscopy to atomic
details of speciﬁc residues in large and complicated enzymes such as
CcO has become feasible only over the last decade. Although IR studies
to date are incomplete and many details remain controversial and
unresolved, several clear points on carboxylic function emerge. The
data point strongly to a role for conformational and protonation
changes of Glu242 in speciﬁc protonic reactions that are coupled to
speciﬁc catalytic steps, linked both to the redox state of heme a and to
the status of the binuclear centre, the latter possiblymediated through
the pentameric HPEVY backbone. In bovine CcO, and possibly in
bacterial CcOs, the data also show that at least one other carboxyl is
likely to respond to redox and binuclear centre ligation changes —
current structural data would favour Asp51, Asp91 and/or Glu62II, but
these details remain to be established, as does a possible link between
Asp51 and the anion binding site. Further IR data point to a role of the
heme a3 D-ring propionate/arginine (R438) region (see Fig. 2) in
mediating proton transfer from Glu242 to the next stable proton
acceptor, though the identity of any stable proton ‘trap’ site that
inﬂuences the electrostatic energy balance of the binuclear centre, a
crucial feature of electrostatic coupling models, remains unknown.
New developments in IR technology and protein manipulation
methods are providing further means to measure such protonic reac-
tions in complex enzymes such as CcO. These include ATRmanipulation
methods, rapid scan and step-scan time-resolved techniques and
extensions into lower/higher frequency regions where a wealth of
additional vibrational information can be discerned. These promise to
provideamuchmore comprehensivepictureof theprotonationpatterns
of the catalytic cycle. This information, in particular when resolution of
the IR signatures of more unstable intermediates is achieved, should
provide themeans to ﬁnally settle whichmodel most closely resembles
the real physical processes that are operative in the protonmotive
mechanism of the CcO superfamily.
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